is of immense importance for its application in medicine. This bio-compatibility stems from the fact that diamond is a crystalline form of carbon that is mechanically, chemically and physically very stable. Despite the general chemical stability, diamond surface can be terminated by different atomic species (Rezek et al., 2003) and organic molecules , which can alter diamond's natural properties and thus open the door for countless new applications. For example, electrical conductance and electron affinity are both significantly influenced by surface termination of diamond by hydrogen or oxygen atoms (Chakrapani et al., 2007; Kawarada, 1996; Maier et al., 2001; Rezek et al., 2003; Ri et al., 1995) . The main difference arises from the opposite dipoles of C-H and C-O bonds. Oxygen-terminated diamond is insulating, whereas the hydrogen-terminated surface causes the emergence of two-dimensional hole surface conductance on otherwise insulating diamond. These properties can be exploited for the fabrication of a planar field-effect transistor (FET), whose gate is formed solely by hydrogen surface atoms without the employment of any other insulating layers and which is sensitive to the pH of a solution (Dankerl et al., 2007; Nebel et al., 2006; . The hydrogen-terminated diamond surface is also an ideal starting point for covalent bonding of other molecules such as DNA or proteins (Härtl et al., 2004; Yang et al., 2002) .
On the other hand, the hydrogen-terminated diamond surface is generally less favorable for the adhesion, spreading and viability of cells than the oxidized surface (Kalbacova, Kalbac, Dunsch, Kromka, Vanecek, Rezek, Hempel & Kmoch, 2007) .
This difference is due to the hydrophillicity of oxygen-terminated diamond (O-diamond) in contrast to the hydrophobicity of the hydrogen-terminated diamond (H-diamond). As a result, the combination of both hydrogen-and oxygen-terminated diamond surface is very interesting for bio-electronics (Dankerl et al., 2009; Rezek, Krátká, Kromka & Kalbacova, 2010) as well as for tissue engineering (Kalbacova et al., 2008; . In this chapter we present the influence of micro-structuring morphology and atomic termination of diamond surfaces on cell growth and assembly. We investigate the influence of key parameters such as the seeding concentration of cells, the type of the applied cells, the duration of cultivation, the concentration of fetal bovine serum (FBS) in the cultivation medium, the dimensions and shape of microstructures, and surface roughness. We show that the adsorption of proteins from the FBS serum is the key factor. Atomic force microscopy (AFM) both in solution and in air is applied in order to characterize the morphology of the FBS layers adsorbed on differently terminated diamond substrates. The influence of proteins and cells on the electronic properties of diamond is demonstrated by employing a field-effect transistor on hydrogen-terminated diamond, whose gate is exposed to a solution (SG-FET). These results are discussed from the point of view of fundamental physics and biology as well as the prospects in medicine.
Preparation of nanocrystalline diamond layers
The growth of thin-film nanocrystalline-diamond layers (NCD) was realized on silicon or glass substrates using microwave plasma enhanced chemical vapor deposition (MW-CVD) Potocky et al., 2007) . The substrates were 10 × 10 mm 2 large and had Fig. 1 . Schematic depiction of the preparation procedure of thin-film diamond on glass or silicon substrates: (a) nucleation of the substrates carried out in an ultrasonic bath with ultra-dispersed diamond (UDD), (b) the resulting nucleation layer and (c) the nanocrystalline diamond layer after the microwave-plasma deposition. The deposition machines for (d) large-area growth of diamond (linear plasma) and (e) high-speed growth (focused plasma). surface roughness < 1 nm. Before the deposition, the substrates were ultrasonically cleaned in isopropanol and deionized water and were subsequently immersed for 40 min into an ultrasonic bath with a colloidal suspension of a diamond powder (UDD -ultra-dispersed diamond; NanoAmando, New Metals and Chemicals Corp. Ltd., Kyobashi) with nominal particle size of 5 nm. This process leads to the formation of a 5-to 25-nm-thin layer of nanodiamond powder. This nucleation procedure was followed by a microwave plasma-enhanced chemical vapor deposition (MW-CVD) of diamond films. The deposition conditions were: temperature of substrates 600-800°C, 1% CH 4 in H 2 , microwave power 1.4-2.5 kW, gas pressure 30-50 mbar, duration approximately 4 hours, the thickness of layers reaches 100-500 nm. The same conditions, only with methane gas switched off and process time 10 min, were used for H-termination of the diamond surface. In some cases, the nucleation and growth were repeated on the other side of the substrate, which leads to the hermetical encapsulation of the substrate by the NCD layer (Kalbacova et al., 2008; . The preparation procedure is schematically shown in Figure 1 . This figure also depicts the photos of the set-ups for the large-area diamond growth (linear plasma) with high deposition rate (focused plasma). NCD layer were chemically cleaned in acids (97.5% H 2 SO 4 + 99% KNO 3 powder in the ratio of 4:1) at 200°C for 30 minutes. This process ensures high quality of the hydrogen-terminated surface (surface conductance in the order of 10 −7 S/sq) (Kozak et al., 2009 ). The surface morphology and chemical quality of NCD layers were characterized by AFM, scanning electron microscopy (SEM) and Raman spectroscopy. Roughness evaluated in the tapping AFM regime is 15 − 30 nm rms (1 × 1 µm 2 area), grain size as measured by SEM is 50 − 150 nm (see Figure 2 (a)). The grains exhibit clear facets that evidences their crystalline diamond form. Raman spectroscopy (excitation wavelength 325 nm) confirmed the diamond character of the layers (see Figure 2 (b)). With a small alteration of the deposition conditions, grain sizes of even several hundreds of nanometers can be reached.
Cell growth on diamond with surface nanostructures
To produce nanostructured diamond surfaces the NCD films were first masked with: i) 5 nm diamond nanoparticles using the ultrasonic treatment in UDD colloidal suspension, ii) 30 nm nickel particles prepared by deposition of 3 nm nickel layer on diamond and its treatment in hydrogen plasma for 5 min (Babchenko et al., 2009) . Subsequent etching of diamond nanostructures was performed by reactive ion etching (RIE) system (Phantom LT RIE System, Trion Technology) at about 100°C for 300 s using 2 sccm of CF 4 and 50 sscm of O 2 . Remaining nickel masks were then removed by a wet etching process. Finally, the diamond surfaces were treated in r.f. oxygen plasma to obtain hydrophilic character of the surface that is suitable for cellular adhesion (Kalbacova, Kalbac, Dunsch, Kromka, Vanecek, Rezek, Hempel & Kmoch, 2007) . Scanning electron microscopy (SEM) images of the NCD films with nanoparticle masks and after the RIE process are shown in Figure 3a -b and 3e-f. Diamond nanoparticle mask resulted in a formation of isolated cone-like structures (height 5-100 nm, diameter up to 80 nm) randomly spread on the remaining NCD film. Mask made of the nickel nanoparticles resulted in a formation of upright, densely packed diamond nanorods with the height of 120-200 nm and diameter 20-40 nm. Diamond nanoparticles are obviously (and expectably) not enough resistant to the plasma etching process. Therefore, the surface exhibit lower density of cone-like structures. Nickel nanoparticles were able to withstand the whole etching period, hence the nanorods were formed. These nanostructured diamond surfaces were used as artificial substrates for growth of human osteoblast-like cells. Human osteoblast-like cells (SAOS-2; DSMZ, Germany) were plated on the samples in 25,000 cells/cm 2 concentration and grown in the McCoy's 5A medium without phenol red (BioConcept) supplemented with 15% heat-inactivated fetal bovine serum (PAA), 20 U penicillin and 20 µg/ml streptomycin in a humidified 5% CO 2 atmosphere at 37°C. Resulting morphology of focal adhesions of SAOS-2 cells was characterized by immunofluorescent staining of vinculin (1:150, Sigma, anti-mouse Alexa 568) and imaging in the epi-fluorescence microscope (Nikon E-400). The fluorescence images are shown in Figure 3c and 3g, next to the SEM images. Based on the fluorescence images, osteoblasts exhibit generally well spread fibroblast-like morphology on both substrates. During the 48h incubation the cells went through one cell cycle. This also indicates general substrate suitability. However, the size and shape of highlighted focal adhesions differ on each type of the nanostructures. Osteoblasts cultivated on relatively short and broad nano-cones form well pronounced large focal adhesions with intensive vinculin staining indicating bigger surface available for adhesion and thus stronger adhesion contacts between cell and diamond. On the other hand, cells cultivated on relatively high and thin nanorods form very thin and fine focal adhesions indicating weaker adhesion. This is schematically shown in Figure 3d and 3h. Another crucial role in cell-diamond interaction play atoms terminating the diamond surface.
Cell growth on diamond with atomic micro-patterns
To characterize influence of diamond surface atoms on the arrangement of cells, NCD layers with hydrogen and oxygen surface atoms forming microscopic patterns of widths from 30 to 200 µm were fabricated as follows. Positive photoresist ma-P1215 (micro resist technology GmbH, Germany) was spin-coated on the NCD surface an micro-patterned by Fig. 4 . SEM image of a nanocrystalline-diamond layer with 200-µm-wide stripes with alternating hydrogen and oxygen termination. Light stripes correspond to the hydrogen surface due to its low electron affinity. The cross in the upper part of the image is made up of a thin layer of gold and serves as a mark for the differentiation of particular stripes. Typical measurements of wetting angle on the two types of diamond surfaces (uniformly terminated) are shown along the left side of the SEM image. optical lithography. Afterwards, the NCD layers were exposed with a photolithographic mask in high-frequency oxygen plasma (power 300 W, duration 3 minutes), which gives rise to the oxidation of the surface, and, consequently, to the formation of hydrophilic patterns. The wetting angle of water on oxygen-terminated diamond was < 20 • , in contrast to about 80 • on the hydrogen-terminated diamond. The morphology of the surface remains unchanged during this procedure. Figure 4 shows how the microscopic stripe patterns look look like in an electron microscope (hydrogen and oxygen stripes have different SEM contrast due to different electron affinity). Before cell plating, the NCD layers were sterilized using either UV irradiation or 70% ethanol treatment for 10 minutes. In most experiments, the cell line of human bone cells (osteoblasts -SAOS-2 cells; DSMZ GmbH) were used. The cells were plated on diamond in the concentrations ranging from 2,500 (sub-confluent coverage) to 10,000 cells/cm 2 (confluent coverage, when the cells are in direct contact with each other) and immersed in the McCoy's 5A (BioConcept) medium, which contains penicillin (20 U/ml) and streptomycin (20 µg/ml) and different concentrations of FBS (0-15%). Then, the cells were cultivated in an incubator at 37°C in 5% CO 2 for 48h. We used osteoblasts because SAOS-2 is a standard cell line, whose properties are stable even for long timespans. This is why we are able to compare the results of different experiments, as well as our results with the literature. Other cell types were also applied for comparison: human periodontal ligament fibroblasts (HPdLF; Lonza) and human cervical carcinoma cells (HeLaG; DSMZ GmbH). Adhesion and morphology of cells were characterized by fluorescent staining of actin stress fibers (in green) and cell nuclei (in blue) using the protocol described in (Kalbacova, Roessler, Hempel, Tsaryk, Peters, Scharnweber, Kirkpatrick & Dieter, 2007) . The staining was visualized using the E-400 epifluorescence microscope (Nikon); digital images were acquired with a DS-5M-U1 Color Digital Camera (Nikon). When the osteoblastic cells were plated and grown on the H-/O-terminated microstructures, they self-assembled preferably on the oxygen-terminated diamond surface. A scheme and fluorescence image shown in Figure 5 give an example of such behavior for the case of 60-µm-wide stripes. The cells' preference is independent of the width of the stripes between 30 and 200 µm ) and of the surface roughness between 20 and 500 nm rms ). However, the shape of cells was found to be influenced by surface roughness Kromka et al., 2009 ) and the width of microstructures (Kalbacova et al., 2008; .
Cells grown on narrow O-stripes (30 µm i.e. comparable with the size of the cell) are elongated and form chain-like structures. On the other hand, cells growing on wider stripes (60, 100 a 200 µm -larger than the typical cell size) spread over the whole width of the stripe. The H-/O-diamond boundary forms a sharp interface for cell adhesion. Figure 6 confirms that other types of cells are also able of controlled self-assembly on H-/O-diamond stripes. Human fibroblasts (HPdLF) and cervical carcinoma cells (HeLaG) were plated on NCD samples with 30-µm-wide stripes and were cultivated for 48h. Cells exhibit a different morphology, however, their preference for O-diamond remains unchanged. Selective growth of cells on H-/O-diamond is also influenced by the seeding concentration, which is illustrated in Figure 7 . At low concentrations (2,500 cells/cm 2 ), the cells grow predominantly on the oxygen-terminated surface, where the cells have enough room to Fig. 6 . Fluorescence image of (a) fibroblasts (HPdLF) and (b) cervical-carcinoma cells (HeLaG), which were cultivated for 48h on 30-µm-wide H-/O-diamond stripes. Starting cell concentration was 2,500 cells/cm 2 , medium was supplemented with 15% FBS. Fluorescence microscopy shows actin filaments in green and cell nuclei in blue. Fig. 7 . Fluorescence images of osteoblasts, which were cultivated for 48h on 100-µm-wide H-/O-diamond stripes with starting cell concentrations: (a) 2,500 cells/cm 2 , (a) 10,500 cells/cm 2 . Fluorescence microscopy shows actin filaments in green and cell nuclei in blue.
spread on a hydrophilic area (Figure 7(a) ). On the other hand, cells plated at high seeding concentrations (10,000 cells/cm 2 ) colonize also the hydrogen-terminated surface (Figure 7(b) ). The FBS serum is another factor which has impact on the selective growth of cells. Figure  8 depicts the influence of FBS in the cultivation medium on the arrangement of cells on the H-/O-diamond terminated stripes. The range of concentrations between 5% and 15% does not significantly influence the cell adhesion (image for 15% FBS concentration is shown). Nevertheless, cells plated in a medium without FBS assemble of the surface independently of the surface termination. The cells' preference for a particular type of surface is thus presumably determined by the FBS proteins and not by a direct interaction between diamond surface dipoles and the cells. This is why the properties of FBS layers adsorbed on different types of diamond surfaces were investigated.
Morphology of protein layers on H-/O-diamond
Adsorption, adhesion and conformation of FBS layers on diamond were studied using AFM (Ntegra, NTMDT). The AFM measurements were carried out in air and in solution both in contact and tapping regimes. Doped silicon cantilevers (Multi75Al, BudgetSensors) with typical spring constant of 3 N/m, resonant frequency 75 kHz in air and 30 kHz in solution and nominal tip radius < 10 nm were used. Polished monocrystalline diamond was used as a substrate to minimize the influence of its surface Fig. 8 . Fluorescence images of osteoblasts, which were cultivated for 48h on 100-µm-wide H-/O-diamond stripes with different starting concentrations of fetal bovine serum: (a) 0%, (a) 15%. Fluorescence microscopy shows actin filaments in green and cell nuclei in blue. In the 0% case, the cells were plated without the serum, however, the serum was added after 2 hours to allow cells to grow for next 48 h. morphology on the layers. Surface terminations were prepared in the same way as in the case of NCD films. The thickness of the protein layer was determined using the nanoshaving method, in which a part of the protein layer is removed by means of the AFM tip in contact mode and subsequently the profile of the resulting step in height is measured in oscillating (tapping) mode Rezek, Ukraintsev, Michalíková, Kromka, Zemek & Kalbacova, 2009) . Polished monocrystalline diamond is an ideal substrate for this method, because it is flat and hard. Proteins were adsorbed on the surface of diamond from 15% FBS solution (Biowest) in McCoy's 5A medium (BioConcept). Two adsorption methods were applied: (i) either a drop of the solution was deposited on the substrate by a pipette, the substrate was then kept in a humid chamber for 10 minutes and was subsequently rinsed with water, or (ii) the adsorption was carried out directly in a fluid cell of AFM microscope with a subsequent in-situ measurement. Both methods yielded comparable results. The protein monolayer formed on the diamond surface within several seconds after the application (Rezek, Ukraintsev, Michalíková, Kromka, Zemek & Kalbacova, 2009) . AFM nanoshaving experiments showed that the thickness of the protein layer adsorbed from the solution is (4 ± 2) nm on O-diamond and (1.5 ± 2) nm on H-diamond (Rezek, Ukraintsev, Michalíková, Kromka, Zemek & Kalbacova, 2009) .
Thus, FBS layers formed on both types of diamond surfaces. Figure 9 presents a detailed topography and a phase map of the protein layers measured in AFM. Standard deviation values (i.e. RMSroot-mean-square) of the height and phase signals together with the characteristic lateral size of the features (L x ) determined by means of the autocorrelation function are shown below the images. In the case of the topography, RMS value corresponds to surface roughness. Roughness of the FBS layer on H-diamond (0.6 nm) is approximately 3× smaller when compared to the O-diamond layer (1.7 nm). Besides, the features on the surface are of different shapes and sizes (12 and 18 nm, respectively). The phase signal exhibits an even more pronounced difference. Whereas in the H-diamond case the phase image of the FBS layer consists of dark dots correlating with the protrusion in topography, the O-diamond phase image is characterized by much larger light areas, which correlates with round structures in topography. In air AFM experiments in air, such differences in topography and phase channel were not observed (Rezek, Ukraintsev, Michalíková, Kromka, Zemek & Kalbacova, 2009 ). This discrepancy results from the fact that FBS layers are not in their natural environment (solution). Atomic force spectroscopy then showed that a characteristic sawtooth profile in tip-surface interaction of 500 ± 100 pN force in the adhesion part of the curve (negative force) can be detected . Typical curves are shown in Figure 9 (e). Similar values of forces and interactions were detected in force curves on glass-adsorbed proteins where they were attributed to the stretching of the proteins by the AFM tip (Popov et al., 2007) . The character of the force curves is thus a proof that the FBS proteins are adsorbed on both types of diamond surfaces. Based on these AFM measurements, we propose a model of the conformation of proteins adsorbed on diamond surfaces (Rezek, Ukraintsev, Michalíková, Kromka, Zemek & Kalbacova, 2009 ).
This model is schematically depicted in Figure 9 (f). On hydrophobic surfaces, the denaturation of proteins (i.e. negative conformational change) occurs because their hydrophobic core sticks to the hydrogen-terminated surface. On hydrophilic surfaces, on the other hand, the proteins remain in their natural globular shape. This is why AFM detects a different shape, height and energy dissipation (phase) on the protrusions on the surface. Similar behavior of proteins was observed also on other materials (Browne et al., 2004) .
Electronic effects on the diamond-protein-cell interface
Hydrogen-terminated stripes surrounded by oxygen-terminated areas were further utilized as conductive channels of p-type SG-FET transistors , which serves as a tool for the characterization of the influence of adsorbed proteins and cells grown on them on the electronic properties of diamond (Rezek, Krátká, Kromka & Kalbacova, 2010) . The top-view and cross-section diagrams of the SG-FET transistor are shown in Figures 10(a) and 10(b), respectively. Electrical contacts were prepared by the sputtering of thin metal layers (10 nm Ti and 50 nm Au) over a photolithographic mask and the subsequent application of the lift-off technique. The transistor was insulated from the electrolyte using a layer of photoresist (1.5-µm-thick ma-P1315 or 5-µm-thick SU8-3050). Within the active area of the transistor, openings of about 60 × 60 µm 2 were introduced to this insulating layer. These openings exposed the surface of the 20-µm-wide conductive channel and partly also the surrounding oxidized surface (about 20 µm from each side) (Rezek, Krátká, Kromka & Kalbacova, 2010) . The transistor gate was generated by the immersion of this active area in the solution (electrolyte), which is in contact with an Ag/AgCl reference electrode. The gate is insulated solely by hydrogen surface atoms without the employment of any other insulating layers. Output and transfer SG-FET transistor characteristics were measured using two Keithley K327 source-measure units connected according to Figure 10 subsequent growth of cells on the electronic properties of diamond is easily discernible in Figure 10 (c), which represents transfer characteristics of a pristine diamond transistor (blue), the same transistor after the adsorption of FBS (red) and after SAOS-2 cell cultivation (green). All characteristics were acquired in the McCoy's 5A medium, source-drain voltage was kept constant during all the measurements (−0.6 V; this setting corresponds to the amplification regime of the transistor). A slight hysteresis effect was observed in all transfer characteristics. Current flowing through the SG-FET transistor decreased after the application of FBS and the transfer characteristics shifted approximately by −45 mV for I ds = −0.6 nA. Another shift roughly by −78 mV was observed after the cultivation of cells, giving rise to an overall shift of about −123 mV. Apart from the shift, the steepness of the slope (transconductance) defined as g m = δI ds /δUg decreased from 9.5 to 8.3 nS at I ds = −0.6 nA. Rinsing the sample with the McCoy's medium (Rezek, Krátká, Kromka & Kalbacova, 2010) had only little impact on the characteristics. Transistor gate (leakage) currents were in the order of 10 pA. Typically, FBS adsorption on the surface reduced the gate currents as FBS forms additional layer on the diamond surface. Yet in some cases the currents slightly increased (to about 40 pA) as a result of the adsorption of proteins (Rezek, Krátká, Kromka & Kalbacova, 2010) .
Discussion
Interaction of cells with as-grown and nanostructured diamond surfaces indicates that the diamond surface morphology can be tailored in a controlled way with respect to bio-technological and bio-medical requirements. It also demonstrates that quite wide range of diamond surface morphologies is acceptable for the cell growth. This is in agreement with other experiments on diamond films where hierarchically modified substrate roughness was employed ). In the case of nanostructured diamond surfaces, amount of vinculin detected by fluorescence microscopy can be used an indication of the cell motility on the substrate because vinculin generally serves as a stabilizing protein in the focal adhesion (Fernandez et al., 1992) . Increased expression of vinculin on the nano-cones promotes the cell adhesion and reduces the cell motility. On the nano-rods, solitary cells have more chance to move and search the entire space, whereas cells in confluent layer could be easily peeled off. In the case of hydrogen-and oxygen-terminated microstructures, cells preferably self-assemble on the oxygen-terminated surface.
The growth of cells over the hydrogen-terminated areas, mostly at high cell concentrations, is presumably enabled by their linkage to the O-diamond layers because individual cells exhibit poor adhesion to H-diamond and reduced metabolic activity (Kalbacova, Kalbac, Dunsch, Kromka, Vanecek, Rezek, Hempel & Kmoch, 2007; Kalbacova et al., 2008) . Very probably, cells communicate, exchange growth factors and various stimuli and gradually form the extracellular matrix (ECM). In this way, they modify the surface with proteins and proteoglycans underneath them to overcome the unfavorable properties of the substrate. This process then makes it possible for the cells to grow also over the electrically conductive H-diamond areas, if these are surrounded by O-diamond areas. This effect was exploited during the incubation of cells in field transistors. Figure 8 clearly demonstrates that the FBS proteins are the factor whose influence determines the cell adhesion on the diamond layer. As the protein adsorption proceeds much more rapidly than the transport of cells to the surface, the interaction of the cell with the diamond substrate very likely results from the nature of this adsorbed layer. AFM measurements show that proteins adsorb on both types of surfaces, which agrees well with experiments carried out on other materials, where albumin adsorbs both on hydrophilic and on hydrophobic surfaces (Browne et al., 2004) . The selectivity of the cell growth is thus not determined by FBS adsorbing solely on a one type of surface. Other factors, such as denaturation of proteins on hydrophobic surfaces, need to be taken into account in order to successfully explain the selective adsorption. Detailed study of surface morphology using the AFM method clearly confirms that differences in surface roughness, morphology as well as phase contrast between the protein layers on H-and O-diamond exist. When on H-diamond, the FBS proteins probably adopt the conformation when their epitopes (e.g. adhesion mediated RGD sequences of peptides) are hidden, thus not providing optimal conditions for cell adhesion. A similar difference in protein morphology was observed on polystyrene substrates (Browne et al., 2004) . This is why the wetting properties of a surface seem to be the most influential factor for the growth of cells, whereas other specific properties of diamond layers do not play such an important role. As we have shown, this phenomenon is general and valid also for other types of cells. The above described preference of the cells for oxygen-terminated surface on H/O-patterned diamond is detectable as early as during the first two hours of adsorption in the 15% FBS supplemented medium ). However, the pattern is not yet as sharp as after 48h because the cells did not have enough time to spread on the surface. On the other hand, in a control experiment without FBS the patterned self-assembly was not observed. This implies that even the initial stage of the assembly is strongly influenced by the FBS proteins. In this stage, cells move and actively explore their surrounding environment. Other factors that can influence the selective cell growth include a different adhesion of cells and proteins to hydrogen-and oxygen-terminated surface. Also a differences in composition of the protein layer on each type of surface can play role. Adhesion of cells to the hydrogen-terminated diamond lowered by as much as 40% was observed in the presence of FBS in comparison to oxygen-terminated diamond (Rezek, Ukraintsev, Kromka, Ledinský, Brož, Nosková, Hartmannová & Kalbacova, 2010) .
Furthermore, fibronectin, one of the FBS components, was found to have the crucial influence on the selective growth of cells (Rezek, Ukraintsev, Kromka, Ledinský, Brož, Nosková, Hartmannová & Kalbacova, 2010) . Detailed composition of the FBS layer on diamond, however, has not yet been successfully identified. In the medium without FBS, the cells cannot detect any protein layer and thus they are in direct contact with the NCD substrate. After a short time (2 hours), the cells are not yet fully spread, but their contacts (focal complexes) with the substrate are already detectable . In general, the adhesion mechanism is not yet understood. After further cultivation time (48 hours) in the medium where FBS was added, the cells assume normal shapes and growth takes place properly at the spots where the cells initially attached (see Figure 8 (a)) because they had enough time to produce their own extracellular matrix and adapt the surface underneath them. The hydrogen-or oxygen-termination of diamond (without the initial activity of the FBS proteins) is, therefore, not the sole factor determining the cells selectivity by itself.
From the point of view of electronic properties of the diamond-protein-cell system, SG-FET diamond transistor exhibits a shift in transfer characteristics towards negative gate voltages after the FBS proteins adsorbed on the surface and subsequently the cells were cultivated on top of them. This is a clear sign of a lowered transistor's conductivity. This effect cannot be fully explained solely by the electrostatic field effect. The most important discrepancy here consists in the fact that the major FBS proteins (albumin, fibronectin, vitronectin) as well as cell membranes are negatively charged under physiologic pH. Thus, their presence near the gate of a p type transistor should increase the I ds current flowing through the transistor, which is not the case. As was already mentioned, proteins become denatured on a hydrophobic surface and their hydrophobic core sticks to the surface. Consequently, they can modify the initial equilibrium of the conductive layer, which is a result of the equilibrium of chemical potentials of the diamond and the solution (Chakrapani et al., 2007; Maier et al., 2000) . A negative shift occurs as a result of the change of the material properties of diamond (i.e. its conductivity), which is in accord with the lowered steepness of the slope of the transfer curve (transconductance). Sometimes observed increase in the SG-FET gate currents indicates that proteins can lower the electronic barrier of the diamond-electrolyte system resulting from the surface C-H dipoles (Rezek, Krátká, Kromka & Kalbacova, 2010) and can therefore simplify the charge transfer across the interface with the solution. The primary FBS monolayer persists on the surface (Rezek, Ukraintsev, Michalíková, Kromka, Zemek & Kalbacova, 2009; Ukraintsev et al., 2009) and cannot be easily removed by common rinsing methods, even when detergents and enzymes are employed. This explains the stability of the shift in the SG-FET transistor's transfer characteristics. A further negative shift in transfer characteristics was observed after the cultivation of cells on the device. This shift cannot be ascribed to the cells themselves, because it persists even after the cells are removed. Possible reasons for this shift include the fact that osteoblastic cells attach to the surface only in a limited number of spots (the so-called focal adhesion), which cannot cover the whole gate area, and the remaining cells are not in direct contact with the substrate surface ). Moreover, cells on H-diamond do not tend to spread and adhere but they rather form bridges to O-diamond if it is in close proximity (Kalbacova et al., 2008) . The adhesion of osteoblasts is then mediated by proteins, i.e. another FBS protein layer exists between the cell and the diamond surface. This is why the most part of a cell membrane is presumably further than the Debye length in the medium, which amounts to < 10 nm due to the presence of salts and other ionic compounds in the cultivation medium. As a result, we deduce that the shift after the cultivation of cells is a result of a change in the adsorbed layer of proteins, which remains on the diamond surface even after rinsing (Rezek, Ukraintsev, Michalíková, Kromka, Zemek & Kalbacova, 2009; Ukraintsev et al., 2009) . Cells can actively participate at such changes because osteoblasts continually modify their surrounding environment and subsequently produce their own ECM. Based on the above reasoning, a model of the interface between the channel of the diamond SG-FET and the cell medium containing proteins and cells can be constructed (Rezek, Krátká, Kromka & Kalbacova, 2010) . Figure 11 depicts a schematic concept of this model. The model presumes common cell-plating conditions when the cultivation medium contains FBS proteins. Further research should answer the question concerning the composition of the layers adsorbed on diamond and the possibility of direct electrical detection of the function of cells Fig. 11 . Schematic sketch of the interface between the surface-condutive SG-FET channel and cell medium containing proteins and cells. The electric field and its reach over the interface is depicted on the right. It demonstrates that the interaction is limited to distances of several tens of nm.
using the interface with diamond, as has already been suggested for neurons (Dankerl et al., 2009 ).
Conclusions
We have demonstrated some of the crucial properties and discussed prospective application of diamond for biomedicine. We showed that nanostructuring of diamond surfaces can be used to tailor adhesion and growth of the cells. We also demonstrated that the combination of oxygen-and hydrogen-terminated surfaces allows for the controlled self-assembly of cells into microstructures. Cells preferably adhere to oxygen-terminated areas, this effect is general and occurs for various types of cells. The best selectivity is achieved for low seeding cell concentrations (2,500 cells cm 2 ) regardless of the geometry of the surface and usual range of FBS concentrations (5 to 15%). Higher seeding concentrations make it possible for the cells to colonize even the less suitable hydrogen-terminated surface, which is electrically conductive and thus can be utilized in electronic components. Cells plated in the medium without FBS colonize the surface independently of the microstructures. Consequently, the cells' preference stems from the properties of the proteins on H-and O-diamond and it is not a direct consequence of the cells' interaction with diamond surface dipoles. Atomic force microscopy revealed the existence of a thin film (2-4 nm) of proteins on both types of surfaces, however, adopting different conformations on different terminations. Based on these measurements, we propose a model of how the proteins arrange on diamond as a result of the wettability of the surfaces, similarly to other materials. Apart from the protein conformation, other factors, such as the composition and different adhesion of the FBS layer on H-and O-diamond, can contribute the preferential growth of cells. Electronic effects on the diamond-protein-cell interface were characterized by the SG-FET transistors based on the surface conductivity of nanocrystalline diamond and having the gate insulated solely by hydrogen surface atoms. We show that these transistors are fully operational and can serve as a transducer (and partly also as an amplifier) of the characteristics of biological material and environment to electrical impulses. Adsorption of proteins from the FBS-enriched cultivation medium and subsequent cultivation of cells on it led to a shift in transfer characteristics of the transistor in the range of as much as a hundred mV. This shift is the result of the adsorption of a thin film of proteins onto the diamond surface as was confirmed by AFM. The key finding here is that these shifts cannot be solely due to electrostatic field effect because the field effect acts in the opposite direction. We propose a model in which the proteins replace the ions close to the diamond surface. The negative shift in the transfer characteristics then results from a change in the material property of diamond (its conductivity), which is in accord with a lowered steepness of the slope (i.e. transconductance) of the measured curves. Related changes in SG-FET gate currents suggest that the FBS layer can block and under certain conditions also promote the transfer of charge across the interface between diamond and the solution. The above findings and conclusions are significant for prospective application of the unique properties of diamond in biosensors and biotechnologies that can be exploited in medicine as well as other fields. 
